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Abstract 
The photocatalytic activity of a sulfur-doped titanium dioxide material with adsorbed ferric oxide 
was analyzed for the degradation of different model compounds. Dichloroacetic acid (DCA) was 
decomposed in the aqueous phase and NOx was decomposed in the gas phase. The stability of 
the photocatalyst was examined as a function of the recycling times by degradation of DCA at pH 
3. The photocatalyst showed quite high photoactivity under visible light illumination. The best
performance for decomposing DCA was obtained at pH 3. Results of inductively coupled
sequential plasma (ICPS) analysis indicated that this photocatalyst is stable and appropriate for
long-term commercial applications.
Keywords: 
1. Introduction
Titanium dioxide (TiO2) has semi-conducting properties turning it into an attractive material for 
use as a photoactive catalyst. The photocatalyst TiO2 (with an anatase and rutile structure) 
exhibits photocatalytic ctivity under UV illumination, but its applications are still limited due to its 
negligable photoactivity when irradiated with visible light. S-doped TiO2 with adsorbed Fe3+ ions 
was developed here as a photocatalyst material by doping TiO2 particles with sulfur and iron in 
order to increase the range of use of the solar spectrum. The photoactivity of this photocatalyst 
material was evaluated by decomposition of dichloroacetic acid (DCA) in the aqueous phase and 
by decomposition of NOx or acetaldehyde in the gas phase. TiO2 is widely used for air purification, 
deodorization, sterilization, anti-fouling and mist removal under UV light [1]. The activity of TiO2 
depends on its surface area, porosity and acid-base properties. It was also found that the 
photoactivity depends on crystallite size and relative abundance of crystallite phases 
(anatase/rutile). Both, the crystallite size and the crystalline phases modify the TiO2 band gap. 
Pristine TiO2 is only active under ultraviolet light irradiation (λ < 387 nm) because of its band gap 
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(3.2 eV in the anatase TiO2 crystalline phase). Attempts to improve the photocatalytic reactivity of 
TiO2 and to extend its light absorption into the visible region have been made by doping transition 
metals into the lattice of TiO2 [2] and by forming reduced TiOx photocatalysts [3]. 
In both of these approaches, impurity/defect states were introduced into the band gap of TiO2, 
which lead to TiO2 being able to absorb visible light. However, transition metal doping, by which 
localized d states appear deep in the band gap of the host semiconductor, often results in an 
increase in the carrier recombination rate. Therefore, the lifetime of mobile carriers may become 
shorter, resulting in lower photocatalytic activity of the photocatalyst. Reducing TiO2 results in the 
introduction of localized oxygen vacancy states located at 0.75-1.18 eV below the conduction 
band of TiO2, which may promote photoreduction activity because of a redox potential of 
hydrogen evolution (H2/H2O) located below the conduction band of TiO2. In 2001, a new type of 
visible light-sensitive nitrogen-doped TiO2 photocatalyst was reported [4]. Other non-metal-doped 
TiO2 photocatalysts have since been reported. TiO2 doped with fluorine [5], iodine [6] and 
phosphor [7] showed high levels of photocatalytic activity under UV light illumination, and TiO2 
doped with nitrogen [8,9], carbon [10], sulfur [11] and codoped with nickel and boron [12] showed 
high photocatalytic activity under visible light irradiation. Sato et al. [13] reported efficient 
photooxidation of CO under visible irradiation by nitrogen-doped TiO2. C-doped TiO2 has been 
obtained by an acid-catalyzed sol-gel process [14] or by oxidative annealing of titanium carbide 
[15]. 
In this paper, we report the photocatalytic activities of S-doped TiO2 with adsorbed iron ions 
having an anatase phase for oxidation of dichloroacetic acid (DCA) in the aqueous phase and 
acetylaldehyde or NOx in the gas phase. The stability of the photocatalyst as a function of 
recycling times for the photocatalytic degradation of DCA is also discussed. 
2. Experimental
2.1. Materials and instruments 
Different titanium dioxide (TiO2) samples, PC-500, P-25 and VLP 7001 provided by Crystal Global, 
Evonik and Kronos, respectively, were used as commercial standards for photocatalytic 
comparison. The Crystal Global PC-500 XRD pattern was used as anatase phase reference. 
Evonik Aeroxide TiO2 P-25 photocatalyst is known to exhibit high photocatalytic activity for the 
decomposition of different pollutants under UV-A irradiation. Kronos VLP 7001 is a photocatalyst 
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doped with 0.33 atom% sulfur and 0.9 atom% carbon and was therefore expected to be active 
under visible light illumination. 
Dichloroacetic acid (DCA) reagent-plus (99%) was purchased from Sigma-Aldrich and NOx was 
purchased from Linde Co. 2-Propanol, FeCl3 and acetone were obtained from Wako Pure 
Chemical Industry. Thiourea and urea were obtained from Tokyo Chemical Industry Co., Ltd. 
Other chemicals were obtained from commercial sources as guaranteed reagents and were used 
without further purification. The crystal structures of TiO2 powders were determined from X-ray 
diffraction (XRD) patterns measured by using an X-ray diffractometer (Philips, X’Pert-MRD) with a 
Cu target Kα-ray (λ = 1.5405 Å ). The relative surface areas of the powders were determined by 
using a surface area analyzer (Micromeritics, Flow Sorb II 2300). The absorption and diffuse 
reflection spectra were measured using a Shimadzu UV-2500PC spectrophotometer. X-ray 
photoelectron spectra (XPS) of the TiO2 powders were measured using a JEOL JPS90SX 
photoelectron spectrometer with an Al Kα source (1486.6 eV). Zero point of charge was measured 
with a Dispersion Technology Inc. Model DT1200 for both particle size and zeta potential. The 
absorption and diffuse reflection spectra were measured using a Shimadzu UV- 2500PC 
spectrophotometer. The elemental analysis and stability of the material was also confirmed in 
aqueous solution by measuring sulfur and iron concentrations using an inductively coupled 
sequential plasma spectrometer (Shimadzu ICPS-8000). The S-TiO2 photocatalyst without iron 
was tested and did not show any activity for the decomposition of DCA under visible light 
irradiation. 
 
 
2.2. Preparation of S-doped TiO2 powders with adsorbed Fe3+ ions 
 
S-doped TiO2 powders, as starting materials, were synthesized by a previously reported method 
[16]. Titanium isopropoxide (50 g, 0.175 mol) was mixed with Thiourea (53.6 g, 0.70 mol) at a 
molar ratio of 1:4 in ethanol (500 ml). The solution was stirred at room temperature for 1 h and 
concentrated under reduced pressure. After evaporation of the ethanol, a white slurry was 
obtained. The slurry was kept for 2 days at room temperature and a white powder was obtained. 
This powder was calcined at various temperatures under aerated conditions, and yellow powder 
was obtained. Elemental analysis showed that no C or N atoms were present in S-doped TiO2- 
Fe3+. The optimum amount of adsorbed Fe3+ ions on the surface of S-doped TiO2 was 0.90 wt.% 
[17]. Three grams of the doped TiO2 powder was suspended in an FeCl3 aqueous solution, and 
the solution was stirred vigorously for 2 h. After filtration of the solution, the amount of Fe3+ ions 
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that remained was determined by UV absorption spectra in order to estimate the amount of Fe 
ions adsorbed on the doped TiO2 powder. The residue was washed with deionized water several 
times until the pH of the filtrate was neutral. The powders were dried under reduced pressure at 
60 °C for 12 h. 
 
2.3. Set-up for photocatalytic decomposition of DCA in aqueous phase 
 
Photochemical reactions were performed in a reactor (120 ml) equipped with a quartz window on 
which the light beam of a Xe-lamp (OSRAM XBO-450W) was focused. The infrared rays of the 
beam were removed by a water filter installed in front of the reactor. The wavelength of incident 
light was controlled by cut off filters (λ ≥ 320 nm for UV light experiments and wavelengths ≥ 420 
nm for visible light experiments). 
 
The reactor was equipped with a magnetic stirring bar, a water-circulating jacket with four 
openings for the pH electrode, a chloride electrode, a gas supply for bubbling the solution with air, 
and a sample extractor. The photoreactor was filled with 120 ml of aqueous suspension 
containing the photocatalyst (TiO2 or S-doped TiO2) at loading rates of 0.5 and 5 g/l, respectively 
(Figure 1). 
 
The photocatalyst powder was preilluminated with near-UV light for 30 minutes to remove any 
organic carbon impurities on the TiO2 surface before the photochemical reaction took place. The 
photocatalyst powder was dispersed into 1 mmol of DCA aqueous solution and stirred for 30 min 
in the dark. The reaction was started by switching on the light. 
 
 
2.4. Set-up for photocatalytic degradation of NOx in gas phase 
 
The photocatalyst was preirradiated for 48 h at an intensity of 1 mW/cm2 with a UV-A lamp 
(Philips, Type HB541, Cleo Performance UV Type 3, 100 W) before it was used for any reaction. 
The purpose of the pre-illumination was to clean the photocatalyst surface of any adsorbed 
pollutant. Gas phase reactions with NOx were carried out in a gas-tight acrylic flow reactor 
equipped with a pyrex window. Four grams of pressed photocatalyst was placed in a sample 
holder with an area of 39 cm2. A halogen lamp (type QT/DE-12, Shanghai Xiangshan-Lamp- 
Industrial Corp) was used as the visible light source. 
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The wavelength (λ>400 nm) of incident light was controlled by polycarbonate and Pilkington 
glass filters. 
The initial pollutant concentration of NOx was adjusted to 1 ppm in moist air by a mass flow 
controller (Brooks Instrument, Model 5850S). Relative humidity was kept at 50% during the 
photocatalytic reaction. 
The flow rate of NOx/air gas mixture was 3 l/min, and the gas flowed through the reactor 
containing the pressed photocatalyst sample without illumination for one hour until reaching 
adsoption equilibrium before starting the illumination. 
The concentrations of NOx, NO and NO2 in the system were monitored by a chemiluminescence 
detector (Horiba) (Figure 2). 
 
 
3. Results and discussion 
 
3.1. Composition analysis by diffuse reflectance and XRD spectra of S-doped TiO2 loaded with 
Fe3+ 
 
The elemental composition of the photocatalyst is shown in Table 1. The presence of iron and 
sulfur has been confirmed in the powder. Some traces of nickel and copper are also present. The 
BET surface area of the S-doped TiO2 with adsorbed Fe3+ sample was found to be 82.5 m2g-1. 
 
 
The crystal structure of S-doped TiO2 was assigned to the anatase form of TiO2 by XRD analyses. 
In Figure 3 (B), a small peak appears in the S-doped TiO2-Fe3+ crystalline material by comparing  
it to a commercial pristine anatase TiO2 sample, PC-500 from Crystall Global (Figure 3 (A)). 
This small peak at an angle of about 32 degrees in Figure 3 is due to ferrioxide deposited on the 
surface of TiO2 [18]. It is assigned to α-Fe2O3 and corresponds to the (104) phase [19,20]. 
 
The particle size of S-doped TiO2-Fe3+ (37.2) was calculated by Scherrer’s equation (1): 
0.9 ⋅ λ 
D = 
β ⋅ cosθ 
 
(1) 
where λ is the wavelength of the XRD spectra (nm), β is the radian measure, and θ is the Brag ngle. 
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 Figure 4 shows the normalized diffuse reflectance spectra of S-doped TiO2 with adsorbed Fe3+ 
ions. A red shift in the absorption edge of S-doped TiO2 was observed compared to  pure  
anatase TiO2. This result suggests a capacity of S-doped TiO2-Fe3+ for absorption in the visible 
light region. 
 
 
In the studies of the S-doped TiO2 without Fe3+ was also observed a red shift in the UV-vis 
spectra but any photocatalytic activity was shown to decompose dichloroacetic acid (DCA). This 
suggests that the trapped holes due to the impurity level are not strong enough to decompose 
DCA but triggers the formation of the Fe4+ specie in presence of Fe3+. 
 
The band gap energy of the S-doped TiO2-Fe3+ material (3.35 eV) (Figure 5) was obtained by 
analyzing the reflectance function for an indirect semiconductor. Nevertheless, the impurity 
energy level was found in the visible region (2.57 eV). 
 
Figure 6 shows the results of the zero point of charge analyses. The zero point of charge for the 
S-doped TiO2-Fe3+ photocatalyst was determined at pH 6.76. This evaluation corresponds to the 
change in polarity charge on the surface of the particles, which is obtained by measurement of 
the electric potential in the suspension. 
The dispersed suspension at pH 3 was very stable for more than 24 h after being stirred for 2 h. 
This is explained by the interactions between the potential value of the positively charged S-TiO2- 
Fe3+ particles and the H+ concentration in the suspension, generating stable suspended 40 nm 
crystalline particle clusters. The change in pH also causes a change in the size of formed clusters. 
This result suggested that the cluster size increases with an increase in the pH value. 
 
Figure 7 shows a SEM image of the S-doped TiO2-Fe3+ material. The range of particle sizes of  
the S-doped TiO2-Fe3+ material is from 10 nm to 40 nm. 
 
3.2. Photocatalytic decomposition of DCA on S-doped TiO2-Fe3+ material 
 
One of the model compounds chosen for the photoactivity tests was dichloroacetic acid (DCA) 
[21,22]. The pKa of DCA is 1.29. It is a stable compound that does not absorb light above 300 nm 
and its decomposition can be easily followed by three independent analytical measurements to 
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confirm each of the degradation products presented in equation (2). The analytical methods of 
total organic carbon (TOC), [H+] measurement with a pH electrode and a selective chloride ion 
electrode immersed in the photocatalyst suspension slurry, were used for the evaluation of the S- 
TiO2-Fe3+ photocatalytic activity under UV-A and visible light irradiation. 
 
CHCl COO−  + O  hv,TiO2 
→ 2CO 
+ H + + 2Cl −  (2) 
2 2 2 
 
 
Figure 8 shows the DCA degradation over the S-doped TiO2-Fe3+ photocatalyst observed under 
visible light illumination (λ > 420 nm). 
At a photocatalyst concentration of 5.0 g/l, the decomposition of the model compound DCA can 
be followed under visible light illumination by measuring the released H+, the TOC values and the 
chloride ion concentration respectively. All of these results are found to be in agreement with 
each other. 
The concentration of DCA in the presence of visible light-photoirradiated S-doped TiO2-Fe3+ 
decreased by almost 16 ppm over a period of 5 h. The initial rate calculated by the initial released 
H+ concentration slope is 1.52 x10-8 mol/ls with 5.0 g/l photocatalyst clearly evincing the 
photocatalytic activity of the S-doped TiO2-Fe3+ photocatalyst. This material has the capacity to 
absorb visible light and to decompose a persistent and highly toxic pollutant such as DCA. The 
presence of Fe3+ is proved to be on the surface of the S-doped photocatalyst [17]. Under visible 
light irradiation, holes were generated in the valence band of S-doped TiO2. At the same time, 
Fe4+ ions were also generated by sensitization of Fe3+ loaded on S-doped TiO2. As discussed later, 
Fe4+ is thermodynamically the only specie able to oxidize DCA. 
 
Similar experiments were also carried out under UV-A light irradiation through a cut-off filter of 
320 nm. Figure 9 shows the respective experimental results. Overall, the photocatalyst under UV- 
A light irradiation (320 nm) showed higher activity than that of the photocatalyst under visible light 
irradiation (420 nm cut-off filter). 
 
 
The photocatalytic activity of S-doped TiO2-Fe3+ was compared with that of the commercial 
Kronos VLP 7001 as a visible light-responsive photocatalyst and Evonic P-25 (a UV light- 
responsive photocatalyst) for degradation of 1 mmol DCA using 5.0 g/l photocatalyst as shown in 
Figure 10. 
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Evonic P-25 and S-doped TiO2-Fe3+ showed similar photocatalytic activities under UV-A light 
illumination. Among the three kinds of photocatalysts, Kronos VLP 7001 showed the lowest 
photocatalytic activity under the same UV-A illumination (λ>320 nm) conditions. 
It is notable that S-doped TiO2-Fe3+ was the only photoactive photocatalyst for degradation of 
DCA under visible light at λ>420 nm. 
 
 
The photonic efficiency is defined as the ratio of the initial degradation rate divided by the incident 
photon flux (equations (3) and (4)) [23]. The incident photon flow was determined from UV-A light 
meter measurements (30 mW⋅cm-2) by using a 320 nm cut-off filter for UV-A light. However, for 
the  visible  light  experiments  at  420  nm,  the  incident  photon  flow  (9.04*10-1mW⋅cm-2)  was 
calculated considering the sum of 7.5*10-3  mW⋅cm-2  UV-A light (measured through the 420 nm 
cut-off  filter)  and  the  8.96*10-1  mW⋅cm-2  visible  light  calculated  from  the  xenon lamp  spectrum 
(Figure 11). The irradiated surface area of the reactor was 8.042 cm2 and the volume of the 
suspension was 0.12 L. 
 
 
J =  I ⋅ λ  0 ⋅ h ⋅ c , (3) 
 
 
PE = k ⋅ c0  ⋅V 
J0 ⋅ A 
⋅100 
 
 
, (4) 
where J0 = light flux [mol⋅s-1cm-2], I = light intensity [mW⋅cm-2], λ = wavelength [nm], 
NA = Avogadro´s number [6.22*1023  mol-1], h = Planck constant [6.63*10-34J⋅s], c = light velocity 
[3*108  m⋅s-1], k = initial rate constant [s-1], C0 = initial DCA concentration [mol⋅l-1], and 
V = volume [L], A = area [cm2]. 
 
Table 2 and Table 3 show the photonic efficiency of the photocatalysts used for degradation of 
DCA under UV light (λ>320 nm) and under visible light irradiation (λ>420 nm), respectively. 
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Evonik P-25 does not have any absorption in the visible region. Therefore, no photonic efficiency 
for degradation of DCA under visible light was observed. 
Although Kronos VLP 7001 shows absorption in the visible region, the photonic efficiency was 
also found to be zero. Only S-doped TiO2-Fe3+ showed quite high efficiency for degradation of 
DCA under visible light illumination. 
 
TOC, Cl-, and H+ were analyzed in order to evaluate photocatalytic activities for the degradation  
of 1 mmol DCA over S-doped TiO2-Fe3+ at different pH value (pH= 3, 7, 9) under visible light, 
(λ>420 nm) (Figure 12). 
 
The photocatalytic activity of S-doped TiO2-Fe3+ for the degradation of DCA was remarkably 
improved at pH 3. This is due to an easier adsorption interaction of the DCA- molecule on the  
TiO2 particles and therefore its faster degradation. 
 
As previously reported [22], a stability test for photocatalysts can be performed by consecutive 
DCA degradation runs to prove the capacity of the photocatalytical material for reuse several 
times under different pH conditions. 
In Figure 13, a remarkable increase in the reaction rate after the first degradation run can be 
observed. The dispersibility or morphology of Fe3+ compounds loaded on the surface of S-doped 
TiO2 might establish a stable equilibrium [17] after the first photocatalytic reaction, resulting in 
improvement of photocatalytic activity. After the first run, the rate constant of S-doped TiO2-Fe3+ 
for degradation of DCA did not change anymore. Although the photocatalytic activity of S-doped 
TiO2-Fe3+ was remarkably improved after the first run, the photocatalyst material is quite stable 
and applicable for long-term applications under visible light irradiation. 
 
3.4. Reaction mechanism of photocatalytic decomposition of DCA on TiO2 
 
Figure 14 shows the proposed decomposition mechanism of the model compound DCA under 
either UV or visible light irradiation. Due to the acidic pH conditions, the TiO2 particle will be 
positively charged and will permit easy adsorption of DCA anions on its surface. DCA will be 
directly oxidized by holes generated under UV light, while the mineralizing process will be through 
Fe4+ under visible light irradiation as explained below. After DCA has been adsorbed on the TiO2 
surface, the carbon-carbon bond will be broken and the first molecule of CO2 will be released 
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from the solution into the gas phase (step ②). The formed carbon-centered radical reacts with 
superoxide produced from the reduction reaction side to form the second molecule of CO2, 
resulting in release of two chloride ions and one proton to the suspension. 
 
When irradiating with visible light, the generated h+ in the doped particles are quickly trapped in 
the deep trapping sites, that is, the doping sites. The h+ should have poor reactivities because of 
their low Eox values compared with those of the adsorbates [24]. According to Nakato et al. 
photocatalytic oxidation of organic compounds on N-doped TiO2 under visible illumination mainly 
proceeds via reactions with surface and not by direct reactions with h+ at the midgap level [25]. 
 
Figure 13 shows the proposed mechanism under only visible light illumination (λ>420 nm). Under 
this condition, Fe3+ adsorbed on the TiO2 surface should be excited through the absorbed visible 
light photons in order to form the species Fe4+. The following equations (5-6) were considered 
[26,27]. 
Fe3+  + e−  → Fe2+  , (5) 
Fe3+  + h+  → Fe4+  . (6) 
 
The solubility of Fe2+ is high at this pH and the Fe2+ ions are easily dissolved in aqueous solution 
because the adsorptibity of Fe2+ ions on TiO2 is quite low, while Fe3+ is efficiently adsorbed on the 
surface of TiO2 [28]. Therefore Fe2+ ions will be released into the solution but, nevertheless, after 
a long period of reaction under visible light, the dissolved Fe2+ in the solution should be efficiently 
recovered to the photocatalyst surface as Fe3+ through the excited adsorbed Fe4+ on the surface 
(Eq. 7) because no Fe2+ ions were observed in aqueous media after prolonged irradiation by ICP 
analyses. 
 
Fe4+ + Fe2+ →2Fe3+  + 
heat 
 
(7) 
 
The proposed mechanism for decomposition of DCA on the S-doped TiO2-Fe3+ photocatalyst in 
aqueous phase under visible light irradiation includes 10 primary steps (Figure 15). Fe3+ ions 
adsorbed on the surface of the photocatalyst are excited as the first step in the process to form 
Fe4+ (step 2). Calculation of the density of states [16] has shown that holes are also produced in 
S-doped TiO2 under visible light illumination. The Fe4+ species is reduced by oxidizing DCA (step 
10 
3) to form Fe3+ ions. Two main recombination reactions on the surface (step 7) and in the bulk 
(step 6) might also proceed. Actually, these recombination reactions are necessary to establish 
the initial equilibrium of charges between the surface and the bulk and to drive the DCA 
degradation process. Fe3+ ions also act as electron acceptors (step 7), resulting in an 
improvement of the charge separation between electrons and holes and preventing 
recombination (step 6). 
 
The formed Fe2+ should be finally released from the surface of S-doped TiO2 into the reaction 
suspension. This means that the remaining Fe3+ ions adsorbed on the surface of S-doped TiO2 
can easily react with the holes produced in the bulk from S-doped TiO2 to form Fe4+ (step 9), 
which will react with the released Fe2+ ions to recover two initial Fe3+ ions (Eq. 7) on the surface  
of S-doped TiO2 (step 10). 
 
 
3.5. Photocatalytic decomposition of NOx on S-doped TiO2 under visible light in a gas phase 
reactor 
 
Figure 16 shows the incident light intensities of the employed light sources and the absorbance 
measured with or without filters as a function of wavelengths. 
 
The light energy was calculated in accordance with the sum of the area below the spectra for 
intervals of 10 nm (Table 4). 
 
Figure 17 shows the NOx degradation results of the experiment employing the S-doped TiO2-Fe3+ 
photocatalyst in the gas phase at different wavelengths by applying a Pilkington green filter and a 
polycarbonate filter compared to the same system without any filter. 
 
The photonic efficiencies of the decomposition of NO and NOx under visible light illumination 
using different filters with the S-doped TiO2-Fe3+ photocatalyst are shown in Table 5A and Table 
5B, respectively. The results indicate that higher degradation efficiency can be achieved by using 
photons of lower energy with the Pilkington and polycarbonate configuration filter. This represents 
a robust confirmation of the visible light absorption capacity of the S-doped TiO2-Fe3+ 
photocatalyst. 
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Evonik P-25 was used as a standard photocatalyst for comparing its photocatalytic activity with 
that of S-doped TiO2. Figure 18 shows the degradation of NOx over Evonik P-25 under different 
wavelengths of incident light. The photonic efficiency of Evonik P-25 was much lower by applying 
the filter configuration, by which only visible light photons reached the photocatalyst surface 
because Evonik P-25 does not show any absorption in the visible region. 
 
The results for decomposition of NO with the P-25 photocatalyst are shown in Table 6A. Table  
6B shows the results for NOx degradation over P-25. The photonic efficiency is close to 0 under 
the Pilkington and polycarbonate configuration filter, indicating that P-25 was not able to absorb 
visible photons. Even under UV light, the photonic efficiency for degradation of NO over S-doped 
TiO2-Fe3+ is higher than that of P-25. This is explained by the efficient charge separation in S- 
doped TiO2 resulting from the Fe3+ ions adsorbed on its surface working as electron and hole 
acceptors. 
 
Conclusions 
 
The aim of this work was to identify the best reaction conditions in the aqueous phase and to 
determine the stability, durability, and visible light energy absorption capacity of S-doped TiO2- 
Fe3+ as a photocatalyst by the degradation of different pollutants in aqueous and gas phase. The 
zero point of charge of the newly prepared photocatalyst was determined to be pH 6.76. 
The results obtained for photonic efficiency were based on the decomposition of selected model 
compounds. The S-doped TiO2-Fe3+ photocatalyst showed quite high activity under visible light in 
all tested cases while commercial samples P25, PC500 and even vlp7000 showed no 
photocatalytic activity for the decomposition of the selected model compounds in the visible. 
The high degradation rate were observed for the aqueous phase by degradation of DCA at pH 3, 
and the photocatalyst was found to be quite stable under low pH conditions (pH 3). 
A remarkably improved activity for the degradation of DCA over S-doped TiO2-Fe3+ was observed 
after the first run, and this improved activity is explained by the established dispersibility of Fe3+ 
compounds on the surface of S-doped TiO2 during first photocatalytic reaction. 
 
S-doped TiO2-Fe3+ also has the capacity for the decomposition of NOx in the gas phase under 
visible light illumination. 
The results of analysis confirmed that the S-doped TiO2-Fe3+ photocatalyst has visible light 
photocatalytic activity. 
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Abstract 
 
 
 
A sulfur-doped titanium dioxide material with adsorbed ferric oxide was analyzed as a 
photocatalyst in the presence of different model compounds. Dichloroacetic acid (DCA) was 
decomposed in aqueous phase and NOx was decomposed in gas phase. The stability of the 
photocatalyst was examined as a function of the recycled times by degradation of DCA at pH 3. 
The photocatalyst showed quite high photoactivity under visible light. The best performance for 
decomposing DCA was at pH 3. Results of inductively coupled sequential plasma (ICPS) analysis 
indicated that this photocatalyst is stable and appropriate for long-term applications in order to 
decompose recalcitrant pollutants in the environment. 
 
Keywords: Photocatalysis; S-doped-TiO2-Fe3+; Visible light activity 
 
 
1. Introduction 
 
 
Titanium dioxide (TiO2) has semi-conducting properties that make it an attractive material for use 
as a photoactive catalyst. The photocatalyst TiO2 (with an anatase and rutile structure) has 
photoactivity under UV light, but its applications are still limited due to its relatively low 
 
 
photoactivity under visible light. S-doped TiO2 adsorbed with Fe3+ ions was developed as a 
photocatalyst material by doping TiO2 particles with sulfur and iron in order to increase the range 
of use of the solar spectrum. The photoactivity of this photocatalyst material was evaluated by 
decomposition of dichloroacetic acid (DCA) in aqueous phase and by decomposition of NOx or 
acetaldehyde in gas phase. TiO2 is widely used for air purification, deodorization, sterilization, 
anti-fouling and mist removal under UV light [1]. The activity of TiO2 depends on its surface area, 
porosity and acid-basic properties. It was also found that the photoactivity depends on crystallite 
size and relative abundance of crystallite phases (anatase/rutile). Both the crystallite size and 
crystalline phases modify the TiO2 band gap. Pristine TiO2 is only active under ultraviolet light (λ < 
351 nm) because of its band gap (3.2 eV in the anatase TiO2 crystalline phase). Attempts to 
improve the photocatalytic reactivity of TiO2 and to extend its light absorption into the visible 
region have been made by doping a transition metal into the lattice of TiO2 [2] and by forming 
reduced TiOx photocatalysts [3]. 
In both of these approaches, impurity/defect states were introduced into the band gap of TiO2, 
which lead to TiO2 being able to absorb visible light. However, transition metal doping, by which 
localized d states appear deep in the band gap of the host semiconductor, often results in an 
increase in carrier recombination. Therefore, the lifetime of mobile carriers may become shorter, 
resulting in lower photocatalytic activity of the photocatalyst. Reducing TiO2 results in the 
introduction of localized oxygen vacancy states located at 0.75-1.18 eV below the conduction 
band of TiO2, which may promote photoreduction activity because of a redox potential of 
hydrogen evolution (H2/H2O) located below the conduction band of TiO2. In 2001, a new type of 
visible light-sensitive nitrogen-doped TiO2 photocatalyst was reported [4]. Other non-metal-doped 
TiO2 photocatalysts have since been reported. TiO2 doped with fluorine [5], iodine [6] and 
phosphor [7] showed high levels of photocatalytic activity under UV light, and TiO2 doped with 
 
 
nitrogen [8,9], carbon [10], sulfur [11] and codoped with nickel and boron [12] showed high 
photocatalytic activity under visible light. Sato et al. [13] reported efficient photooxidation of CO 
under visible irradiation by nitrogen-doped TiO2. C-doped TiO2 has been obtained by an acid-
catalyzed sol-gel process [14] or by oxidative annealing of titanium carbide [15]. 
 
In this paper, we report the photocatalytic activities of S-doped TiO2 with adsorbed iron ions 
having an anatase phase for oxidation of dichloroacetic acid (DCA) in aqueous phase and 
acetylaldehyde or NOx in gas phase. The stability of the photocatalyst as a function of recycling 
times for the photocatalytic degradation of DCA is also discussed. 
 
2. Experimental 
 
 
2.1. Materials and instruments 
 
 
Different titanium dioxide (TiO2) samples, PC-500, P-25 and VLP 7001 provided by Millenium, 
Degussa and Kronos, respectively, were used as commercial standards for photocatalytic 
comparison. The Millenium PC-500 XRD pattern was used as anatase phase reference. Degussa 
P-25 photocatalyst is known to exhibit high activity by decomposing different pollutants under UV-
A irradiation. Kronos VLP 7001 is a photocatalyst doped with 0.33 atom% sulfur and 0.9 atom% 
carbon and was therefore expected to be active under visible light. 
Dichloroacetic acid (DCA) reagent-plus (99%) was purchased from Sigma-Aldrich and NOx was 
purchased from Linde Co. 2-Propanol, FeCl3 and acetone were obtained from Wako Pure 
Chemical Industry. Thiourea and urea were obtained from Tokyo Chemical Industry Co., Ltd. Other 
chemicals were obtained from commercial sources as guaranteed reagents and were used without 
 
 
further purification. The crystal structures of TiO2 powders were determined from X-ray diffraction 
(XRD) patterns measured by using an X-ray diffractometer (Philips, X’Pert-MRD) with a Cu target 
Kα-ray (λ = 1.5405 Å ). The relative surface areas of the powders were determined by 
using asurface area analyzer (Micromeritics, Flow Sorb II 2300). The absorption and diffuse 
reflection 
spectra were measured using a Shimadzu UV-2500PC spectrophotometer. X-ray photoelectron 
spectra (XPS) of the TiO2 powders were measured using a JEOL JPS90SX photoelectron 
spectrometer with an Al Kα source (1486.6 eV). Zero point of charge was measured with a 
Dispersion Technology Inc. Model DT1200 for both particle size and zeta potential. The 
absorption and diffuse reflection spectra were measured using a Shimadzu UV-2500PC 
spectrophotometer. The stability of the material was also confirmed in aqueous solution by 
measuring sulfur and iron concentrations using an inductively coupled sequential plasma 
spectrometer (Schimadzu ICPS-8000). 
 
 
 
2.2. Preparation of S-doped TiO2 powders with adsorbed Fe3+ ions 
 
 
S-doped TiO2 powders, as starting materials, were synthesized by a previously reported method 
[16]. Titanium isopropoxide (50 g, 0.175 mol) was mixed with Thiourea (53.6 g, 0.70 mol) at a 
molar ratio of 1:4 in ethanol (500 ml). The solution was stirred at room temperature for 1 h and 
concentrated under reduced pressure. After evaporation of the ethanol, a white slurry was 
obtained. The slurry was kept for 2 days at room temperature and a white powder was obtained. 
This powder was calcined at various temperatures under aerated conditions, and yellow powder 
was obtained. Elemental analysis showed that no C or N atoms were present in S-doped TiO2-
Fe3+. The optimum amount of adsorbed Fe ions on the surface of S-doped TiO2 was 0.90 
 
 
wt.% [17]. Three grams of the doped TiO2 powder was suspended in an FeCl3 aqueous solution, 
and the solution was stirred vigorously for 2 h. After filtration of the solution, the amount of Fe3+ 
ions that remained was determined by UV absorption spectra in order to estimate the amount of 
Fe ions adsorbed on the doped TiO2 powder. The residue was washed with deionized water 
several times until pH of the filtrate was neutralized. The powders were dried under reduced 
pressure at 60 °C for 12 h. 
 
 
 
2.3. Set-up for photocatalytic decomposition of DCA in aqueous phase 
 
 
Photochemical reactions were performed in a reactor (120 ml) with a quartz window on which the 
light beam of a Xe-lamp (OSRAM XBO-450W) was focused. The infrared rays of the beam were 
removed by a water filter installed just in front of the reactor. The wavelength of incident light was 
controlled by cut off filters (λ ≥ 320 nm for UV light experiments and wavelengths ≥ 420 nm for 
visible light experiments). 
 
 
The reactor was equipped with a magnetic stirring bar, a water-circulating jacket with four 
openings for the pH electrode, a chloride electrode, a gas supply for bubbling the solution with air, 
and a sample extractor. The photoreactor was filled with 120 ml of aqueous suspension 
containing the photocatalyst (TiO2 or S-doped TiO2) at loading rates of 0.5 and 5 g/l. 
 
The photocatalyst powder was preilluminated with near-UV light for 30 minutes to remove any 
organic carbon impurities on the TiO2 surface before the photochemical reaction took place. 
 
 
The photocatalyst powder was dispersed into 1 mmol of DCA aqueous solution and stirred for 30 
min under a dark condition. The reaction was started by switching on the light. 
 
 
 
2.4. Set-up for photocatalytic degradation of NOx in gas phase 
 
 
The photocatalyst was preirradiated for 48 h at an intensity of 10 mW/cm2 with a UV-A lamp 
(Philips, Type HB541, Cleo Performance UV Type 3, 100 W) before it was used for any reaction. 
The purpose of the pre-illumination was to clean the photocatalyst surface of any adsorbed 
pollutant. Gas phase reactions with NOx were carried out in a hermetic acrylic flow reactor 
equipped with a glass window. Four grams of pressed photocatalyst was placed in sample holder 
with an area of 39 cm2. A halogen lamp (type QT/DE-12, Shanghai Xiangshan-Lamp-Industrial 
Corp) was used for the visible light source. 
The wavelength (λ>400 nm) of incident light was controlled by polycarbonate and Pilkington 
glass filters. 
The initial pollutant concentration of NOx was adjusted to 1 ppm by a mass flow controller (Brooks 
Instrument, Model 5850S). Relative humidity was kept at 50% during  the  photocatalytic  reaction. 
The flow rate of NOx gas was 3 l/min, and the NOx gas flowed through the reactor containing the 
pressed photocatalyst sample without illumination for one h until reaching absoption equiblium. 
The concentrations of NOx, NO and NO2 in the system were monitored by a luminescence 
detector. 
 
 
3. Results and discussion 
 
 
 
 
3.1. Analysis composition of diffuse reflectance and XRD spectra of S-doped TiO2 loaded with 
Fe3+ 
 
The elemental composition of the photocatalyst is shown in Table 1. The presence of iron and 
sulfur can be confirmed in the powder. Some traces of nickel and copper are also present. The 
surface area of the S-doped TiO2 with adsorbed Fe3+ sample is 82.5 m2g-1. 
 
The crystal structure of S-doped TiO2 was assigned to anatase form of TiO2 by XRD analyses. 
In Figure 1 (B), a small peak appears in the S-doped TiO2-Fe3+ crystalline material by comparing 
it to a commercial pristine anatase TiO2 sample, PC-500 from Millenium Figure 1 (A). 
This small peak at an angle of about 31 degrees in Figure 1 is due to ferrioxide deposited on the 
surface of TiO2 [18]. 
 
The particle size of S-doped TiO2-Fe3+ (37.2) was calculated by Scherrer’s equation (1): 
0.9 ⋅ λ 
D = 
β ⋅ cosθ 
 
 
(1) 
where λ is the wavelength of the XRD spectra (nm), β is the radian measure, and θ is the Brag ngle. 
 
 
Figure 2 shows the normalized diffuse reflectance spectra of S-doped TiO2 adsorbed with Fe3+ 
ions. A red shift in the absorption edge of S-doped TiO2 was observed compared to pure 
 
 
anatase TiO2. This result suggests a capacity of S-doped TiO2-Fe3+ for absorption in the visible 
light region. 
 
The band gap of the S-doped TiO2-Fe3+ material (3.35 eV) (Figure 3) was obtained by the 
reflectance function for an indirect semiconductor. Nevertheless, the impurity energy level was 
found in the visible region (2.57 eV). 
 
Figure 4 shows the results of zero point of charge analyses. The zero point of charge for the S-
doped TiO2-Fe3+ photocatalyst was determined at pH 6.76. This evaluation corresponds to the 
change in polarity charge on the surface of the particles, which is obtained by measuring the 
electric potential in the suspension. 
The dispersed suspension at pH 3 was very stable for more than 24 h after being stirred for 2 h. 
This is explained by the interactions between the potential value of the positive charged S-TiO2-
Fe3+ particles and the H+ concentration in the suspension, generating stable suspended  40 nm 
crystalline particle clusters. The change in pH also causes a  change  in  the  size of formed 
clusters. This result suggested that the cluster size increases with increase in the pH value. 
 
Figure 5 shows a TEM image of the S-doped TiO2-Fe3+ material. The range of particle sizes of  
the S-doped TiO2-Fe3+ material is from 10 nm to 40 nm. 
 
 
 
3.2. Photocatalytic decomposition of DCA on S-doped TiO2-Fe3+ material 
 
 
One of the model compounds chosen for the photoactivity tests was dichloroacetic acid (DCA) 
[19,20]. It is a stable compound that does not absorb light and its decomposition can be easily 
followed by three independent analytical measurements to confirm each of the degradation 
products presented in equation (2). The following analytical methods of total organic carbon 
(TOC), [H+] measurement with a pH electrode and a selective chloride ion electrode immersed in 
the photocatalyst suspension slurry, were used for the evaluation of the S-TiO2-Fe3+ 
photocatalytic activity under UV-A and visible light irradiation. 
 
CHCl COO−  + O  hv,TiO2 
→ 2CO 
+ H + + 2Cl −  (2) 
2 2 2 
 
 
 
Figure 6 shows DCA degradation over the S-doped TiO2-Fe3+ photocatalyst under visible light (λ 
> 420 nm). 
 
With photocatalyst concentration of 5.0 g/l, decomposition of the model compound DCA can be 
followed under visible light by measuring released H+, TOC values and chloride ion concentration. 
All of these results are in agreement with each other. 
The concentration of DCA on visible light-photoirradiated S-doped TiO2-Fe3+ decreased by almost 
16 ppm over a period of 5 h. The initial rate calculated by the initial released H+ concentration 
slope is 1.52 x10-8 with 5.0 g/l photocatalyst. With this slope can be clearly notice the activity of the S-doped TiO2-Fe3+ 
photocatalyst. This material has the capacity to absorb visible light and decompose a persistent 
and highly toxic pollutant like DCA. 
 
An experiment the same as the described above but under UV-A light irradiation through a cut-off 
filter of 320 nm was carried out. Figure 7 shows the experimental results. Overall, the 
 
 
photocatalyst under UV-A light irradiation (320 nm) showed higher activity than that of the 
photocatalyst under visible light irradiation (420 nm cut-off filter). 
 
The photocatalytic activity of S-doped TiO2-Fe3+ was compared with that of the commercial 
Kronos VLP 7001 as a visible light-responsive photocatalyst and Degussa P-25 a UV light-
responsive photocatalyst for degradation of 1 mmol DCA using 5.0 g/l photocatalyst as shown in 
Figure 8. 
 
Degussa P-25 and S-doped TiO2-Fe3+ showed similar photocatalytic activities under UV-A light. 
Among the three kinds of photocatalysts, Kronos VLP 7001 showed the lowest photocatalytic 
activity under the same UV-A illumination wavelength (λ>320 nm) conditions. 
It is notable that S-doped TiO2-Fe3+ was the only photoactive photocatalyst for degradation of 
 
DCA under visible light at λ>420 nm. 
 
 
Photonic efficiency is defined as the ratio of the initial degradation rate divided by the incident 
photon flux equations (3) and (4) [23]. The incident photon flow was determined from UV-A light 
meter measurements (30 mW⋅cm-2) by using a 320 nm cut-off filter for UV-A light. However, for 
the  visible  light  experiments  at  420  nm,  the  incident  photon  flow  (9.04*10-1mW⋅cm-2)  was 
calculated considering the sum of 7.5*10-3  mW⋅cm-2  UV-A light (measured through the 420 nm 
cut-off  filter)  and  the  8.96*10-1  mW⋅cm-2  visible  light  calculated  from  the  xenon lamp  spectrum 
(Figure 9). The irradiated surface area of the reactor was 8.042 cm2 and the volume of the 
suspension was 0.12 l. 
N A 
 
J =  I ⋅ λ  0 ⋅ h ⋅ c , 
(3) 
 
 
 
PE = k ⋅ c0  ⋅V 
J0 ⋅ A 
 
⋅100 
, 
(4) 
 
where  J0  =  light  flux  [mol⋅s-1cm-2],  I  =  light  intensity  [mW⋅cm-2],  λ  =  wavelength  [nm],  NA  = 
Avogadro´s number [6.22*1023  mol-1], h = Planck constant [6.63*10-34J⋅s], c = light velocity [3*108 
m⋅s-1], k = initial rate constant [s-1], C0 = initial DCA concentration [mol⋅l-1], and V = volume [l], A = 
area [cm2]. 
 
 
Table 2 and Table 3 show the photonic efficiency of the photocatalysts used for degradation of 
DCA under UV light (λ>320 nm) and under visible light irradiation (λ>420 nm), respectively. 
 
Degussa P-25 does not have any absorption in the visible region. Therefore, no photonic 
efficiency for degradation of DCA under visible light was observed. 
Although Kronos VLP 7001 shows absorption in the visible region, photonic efficiency was zero. 
Only S-doped TiO2-Fe3+ showed quite high efficiency for degradation of DCA under visible light. 
 
TOC, Cl-, and H+ were analyzed in order to evaluate photocatalytic activities for degradation of 1 
mmol DCA over S-doped TiO2-Fe3+ at different pH conditions (pH= 3, 7, 9) under visible light 
(λ>420 nm) (Figure 10). 
 
 
The photocatalytic activity of S-doped TiO2-Fe3+ for degradation of DCA was remarkably  
improved at pH 3. This is due to an easier adsorption interaction of the DCA- molecule on the  
TiO2 particles and therefore its faster degradation. 
 
As previously reported [20], a stability test for photocatalysts can be performed by consecutive 
DCA degradation runs to prove the capacity of the photocatalytical material for reuse several 
times under different pH conditions. 
In Figure 11, a remarkable increase in the reaction rate after the first degradation run can be 
observed. The dispersibility or morphology of Fe3+ compounds loaded on the  surface  of  S-
doped TiO2 might establish a stable equilibrium [17] after the first photocatalytic reaction, resulting 
in improvement of photocatalytic activity. After the first run, the rate constant of S-doped TiO2-
Fe3+ for degradation of DCA did not change anymore. Although photocatalytic activity of S-doped 
TiO2-Fe3+ was remarkably improved after the first run, the photocatalyst material is quite stable 
and applicable to a long-term experiment under visible light. 
 
 
 
3.4. Reaction mechanism of photocatalytic decomposition of DCA on TiO2 
 
 
Figure 12 shows the decomposition mechanism of the model compound DCA under either UV or 
visible light irradiation. Due to the acidic pH conditions, the TiO2 particle will be positively 
polarized and will permit easy adsorption of DCA anions on its surface. DCA will be directly 
oxidized by holes generated under UV light, while the mineralizing process will be through Fe4+ 
under visible light irradiation as explained below. After DCA has been adsorbed on the TiO2 
surface, the carbon-carbon bond will be broken and the first molecule of CO2 will be released 
 
 
from the solution into the gas phase (step ②). The formed radical reacts with the produced 
superoxide from the reduction reaction side to form the second molecule of CO2, resulting in 
release of two chloride ions and the proton to the suspension. 
 
Figure  13  shows  the  proposed  mechanism  under  only  visible  light  (λ>420  nm).  Under  this 
condition, Fe3+ adsorbed on the TiO2 surface should be excited through the absorbed visible light 
photons in order to form the species Fe4+. The following equations (5-6) were considered. [21] 
 
 
Fe3+  + e−  → Fe2+  , 
(5) 
 
 
Fe3+  + h+  → Fe4+  . 
(6) 
 
 
 
Fe2+ ions are easily dissolved in aqueous solution because adsorbtivity of Fe2+ ions on TiO2 is 
quite low, while Fe3+ is efficiently adsorbed on the surface of TiO2. [22] 
Through these reactions, the released Fe2+ should be recovered from the solution to the surface 
of the photocatalyst. The solubility of Fe2+ is high at this pH [22]. Therefore Fe2+ releases into the 
solution but nevertheless after a long period of reaction under visible light, the dissolved Fe2+ in 
the solution should be efficiently recovered to the photocatalyst surface as Fe3+ through the 
excited adsorbed Fe4+ on the surface (Eq. 7) because no Fe2+ ions were observed in aqueous 
media after prolonged irradiation by ICP analyses. 
 
 
Fe4+ + Fe2+ →2Fe3+  + heat 
(7) 
 
 
 
The proposed mechanism for decomposition of DCA on the S-doped TiO2-Fe3+ photocatalyst in 
aqueous phase under visible light irradiation includes 10 primary steps (Figure 13). Fe3+ ions 
adsorbed on the surface of the photocatalyst are excited as the first step in the process to form 
Fe4+ (step 2). Calculation of density states [16] has shown that holes are also produced in S-
doped TiO2 under visible light. The Fe4+ species is reduced by oxidizing DCA (step 3) to form Fe3+ 
ions. Two main recombination reactions on the surface (step 7) and in the bulk (step 6)  might 
also proceed. Actually these recombination reactions are necessary to establish the initial 
equilibrium of charges between the surface and bulk and drive to an open cycle of the DCA 
degradation process. Fe3+ ions also act as electron acceptors (step  7),  resulting  in  
improvement of charge separation between electrons and holes and preventing recombination 
(step 6). 
 
The formed Fe2+ should be finally released from the surface of S-doped TiO2 into the reaction 
suspension. This means that the remaining Fe3+ ions adsorbed on the surface of S-doped TiO2 
can easily react with the holes produced in the bulk from S-doped TiO2 to form Fe4+ (step 9), 
which will react with the released Fe2+ ions to recover two initial Fe3+ ions (Eq. 7) on the surface  
of S-doped TiO2 (step 10). 
 
 
 
3.5. Photocatalytic decomposition of NOx on S-doped TiO2 under visible light in a gas phase 
reactor 
 
 
 
 
Figure 14 shows the incident light intensities and absorbance with or without filters as a function 
of wavelengths. 
 
The light energy was calculated in accordance with the sum of the area below the spectra for 
intervals of 10 nm (Table 4). 
 
Figure 15 shows the results of the experiment on degradation of NOx with the S-doped TiO2-Fe3+ 
photocatalyst in gas phase under different wavelengths by applying a Pilkington green filter and a 
polycarbonate filter compared to the same system without any filter. 
 
Photonic efficiency of decomposition of NO and NOx under visible light using different filters with 
the S-doped TiO2-Fe3+ photocatalyst are shown in Table 5A and Table 5B, respectively. The 
results indicate that higher degradation efficiency can be achieved by using photons of lower 
energy with the Pilkington and polycarbonate configuration filter. This represents a robust 
confirmation of the visible light absorption capacity of the S-doped TiO2-Fe3+ photocatalyst. 
 
Degussa P-25 was used as a standard photocatalyst for comparing its photocatalytic activity with 
that of S-doped TiO2. Figure 16 shows the degradation of NOx over Degussa P-25 under different 
wavelengths of incident light. The photonic efficiency of Degussa P-25 was much lower by 
applying the filter configuration, by which only visible light photons reached the photocatalyst 
surface because Degussa P-25 does not show any absorption in the visible region. 
 
 
The results for decomposition of NO with the Degussa P-25 photocatalyst are shown in Table 6A. 
Table 6B shows the results for NOx degradation over Degussa P-25. The photonic efficiency is 
close to 0 under the Pilkington and polycarbonate configuration filter, indicating that Degussa P-
25 was able not to absorb visible photons. Even under UV light, the photonic efficiency for 
degradation of NO over S-doped TiO2-Fe3+ is higher than that of Degussa P-25. This is due to  
the efficient charge separation in S-doped TiO2 should be performed because of Fe3+ ions 
adsorbed on the surface of S-doped TiO2 working as electron acceptors. 
 
 
Conclusions 
 
 
The aim of this work was to identify the best pH reaction conditions in aqueous phase and to 
determine the stability, durability, and visible light energy absorption capacity of S-doped TiO2-
Fe3+ adsorbed as a photocatalyst by the degradation of different pollutants in aqueous and gas 
phases. The zero point of charge was determined at pH 6.76. 
The results obtained for photonic efficiency were based on the decomposition of selected model 
compounds. The S-doped TiO2-Fe3+ photocatalyst showed quite high activity under visible light in 
all tested cases. 
The best pH reaction condition for the aqueous phase by degradation of DCA was pH 3, and the 
photocatalyst is quite stable under a low pH condition (pH 3). 
Remarkably improved activity for degradation of DCA over S-doped TiO2-Fe3+ was observed after 
the first run, and this improved activity might be due to the established dipersibility of Fe3+ 
compounds on the surface of S-doped TiO2 during first photocatalytic reaction. 
 
S-doped TiO2-Fe3+ has the capacity for decomposition of NOx in gas phase under visible light. 
 
 
The results of analysis confirmed that the S-doped TiO2-Fe3+ photocatalyst has photocatalytic 
activity under visible light. 
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Table(1) 
 
 
 
 
 
 
 
Table 1. Elemental composition of S-doped TiO2 with adsorbed Fe3+ photocatalyst powder. 
 
 
Element content in weight % 
 
Material Ti S Fe Ni Cu C 
S-TiO2-Fe3+ 96.72 2.4 0.68 0.11 0.09 0 
Table(2) 
 
 
 
 
 
 
 
Table 2. Photocatalytic efficiencies of different commercial photocatalysts under UV-A light 
(320 nm cut-off filter). 
 
Photocatalyst 
Rate 
(mol⋅l-1s-1) 
Incident photon flux 
(mol⋅l-1s-1) 
% of photonic 
efficiency 
Evonic P-25 (5.0g/l) 3.25*10-7 5.52 
S-doped TiO2-Fe3+ (5.0g/l) 2.35*10-7 5.88*10-6 3.99 
Kronos VLP 7001 (5.0g/l) 6.94*10-8 1.18 
 
Table(3) 
 
 
 
 
 
 
 
Table 3. Photocatalytic efficiencies of different commercial photocatalysts under visible light 
illumination using a cut-off filter λ > 420nm 
 
Rate 
Photocatalyst 
UV-A light 
 
intensity 
Visible light 
 
intensity 
Total incident 
 
photon flux 
% of 
 
photonic 
(mol⋅l-1s-1)  
(mW/cm2) 
 
(mW/cm2) 
 
(mol⋅l-1s-1) 
 
efficiency 
Evonic P-25 (5.0g⋅l-1)  0 
   
0 
S-doped TiO2-Fe3+  (5.0g⋅l-1) 1.52*10-8 7.5*10-3 8.96*10-1 2.127*10-7 7.15 
Kronos VLP 7001 (5.0g⋅l-1)  0 
   
0 
 
Table(4) 
 
 
 
 
 
 
 
Table 4. Visible light intensity values under different filters for the gas-phase set-up lamp. 
 
 
 
Filter used 
UV-A light 
(λ360-400 nm) 
Visible light 
(λ400-555 nm) 
 
Total incident photon flux 
 (mW/cm2) (mol⋅l-1s-1) (mW/cm2) (mol⋅l-1s-1) (mW/cm2) (mol⋅l-1s-1) 
glass window reactor 1.6*10-2 2.02*10-9 7.77*10-1 1.32*10-7 7.93*10-1 1.34*10-7 
polycarbonate + glass 
 
window 
 
- 
 
- 
 
6.42*10-1 
 
1.09*10-7 
 
6.42*10-1 
 
1.09*10-7 
polycarbonate + Pilkington 
 
glass + glass window 
 
- 
 
- 
 
5.09*10-1 
 
8.62*10-8 
 
5.09*10-1 
 
8.62*10-8 
Table(5A) 
 
 
 
 
 
 
 
Table 5A. Results for degradation of NO under visible light using different filters with the S-doped 
TiO2-Fe3+ photocatalyst. 
Pilkington, polycarbonate 
and glass reactor 
Polycarbonate and glass 
reactor 
 
glass reactor 
Rate   (mol/s) Intensity (mol/s) Rate (mol/s) Intensity (mol/s) Rate (mol/s) Intensity (mol/s) 
 
 
S-doped TiO2-Fe3+ 
(4.0 g) 
 
3.79*10-10 8.62*10-8 4.51*10-10 1.09*10-7 5.37 *10-10 1.34*10-7 
% Ph. Efficiency 0.441 0.414 0.401 
 
Table(5B) 
 
 
 
 
 
 
 
Table 5B. Results for degradation of NOx under visible light using different filters with the S-doped 
TiO2-Fe3+ photocatalyst. 
Pilkington, polycarbonate 
and glass reactor 
Polycarbonate and glass 
reactor 
 
glass reactor 
Rate   (mol/s) Intensity (mol/s) Rate (mol/s) Intensity (mol/s) Rate (mol/s) Intensity (mol/s) 
 
 
S-doped TiO2-Fe3+ 
(4.0 g) 
 
1.89*10-10 8.62*10-8 2.07*10-10 1.09*10-7 2.28 *10-10 1.34*10-7 
% Ph. Efficiency 0.22 0.19 0.16 
 
Table(6A) 
 
 
 
 
 
 
 
Table 6A. Results for NO degradation under visible light using different filters with Evonic P-25 as 
a photocatalyst 
Pilkington, polycarbonate 
and glass reactor 
Polycarbonate and glass 
reactor 
 
glass reactor 
Rate   (mol/s) Intensity (mol/s) Rate (mol/s) Intensity (mol/s) Rate (mol/s) Intensity (mol/s) 
 
Evonic P-25 (4.0 g) 0.652*10-10 8.62*10-8 0.76*10-10 1.09*10-7 3.9 *10-10 1.34*10-7 
 
% Ph. Efficiency 0.075 0.07 0.292 
 
Table(6B) 
 
 
 
 
 
 
 
Table 6B. Results for NOx degradation under visible light using different filters with Evonic P-25 
as a photocatalyst 
 
 
Pilkington, polycarbonate 
and glass reactor 
Polycarbonate and glass 
reactor 
 
glass reactor 
Rate   (mol/s) Intensity (mol/s) Rate (mol/s) Intensity (mol/s) Rate (mol/s) Intensity (mol/s) 
 
Evonic P-25 (4.0 g) 0.517*10-10 8.62*10-8 0.63*10-10 1.09*10-7 2.62 *10-10 1.34*10-7 
 
% Ph. Efficiency 0.06 0.058 0.196 
 
Figure(s) 
 
 
 
 
 
 
 
Figure 1. Schematic presentation of the photocatalytic reactor setup for aqueous phase. 
 
 
Figure(s) 
 
 
 
 
 
 
 
Figure 2. Schematic presentation of the photocatalytic reactor setup for gas phase. 
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Figure 7. SEM image of S-doped TiO2-Fe3+ photocatalyst. 


Figure(s) 
 
 
 
 
 
 
 
Figure 10. Comparison of photocatalytic activities by degradation of 1 mmol DCA between 5.0 g/l of Evonic P-25 (▬), 
S-doped TiO2-Fe3+  (---) and Kronos (•••) photocatalysts under UV-light (320 nm cut-off filter). S-doped TiO2-Fe3+  (⋅) was 
the only photoactive photocatalyst under visible light (420 nm cut-off filter) at pH 3. 
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Figure 11. Relation between S-doped TiO2-Fe3+ photocatalyst (---) and xenon lamp (▬) spectra to obtain the 
common area (53.545 a.u.;  ) of the available visible light photons from 420 nm (cut-off filter(⋅⋅⋅)) to the absorbing 
material limit 555 nm. 
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Figure 14. Dichloroacetic acid degradation mechanism on TiO2 nanoparticles. 
 
 
 
Figure(s) 
 
 
 
 
 
 
 
Figure 15. Proposed mechanism for photocatalytic decomposition of DCA on S-doped TiO2 photocatalyst under 
visible light irradiation. 
   
Figure(s) 
 
 
 
 
 
 
 
Figure 16. The shared area between the S-doped TiO2-Fe3+ diffuse reflectance spectrum (▬) and visible light source 
spectra from  400 nm to  555 nm ( ) (29.273 a.u.) was obtained for further calculations of available visible light 
photons. The light intensity without any filter (■) or through the glass reactor window (•) was 0.793 mW/cm2, that 
under a polycarbonate filter (▲) was 0.642 mW/cm2 and that under a green Pilkington filter (▼) was 0.509 mW/cm2. 
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 Visible light photocatalytic activity of S-doped TiO2-Fe3+. 
 Decomposition of toxic and recalcitrant pollutants in aqueous and gas phase. 
